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Abstract 
This paper reviews the principal mor-
phological findings pertinent to the 
early phases of the calcification process 
and explores the possibility that there 
may be a calcificatio n factor common to 
all calcifying matrices. Three structures 
have a main role in calcificatio n: colla-
gen fibrils, matrix vesicles, and crystal 
ghosts . Only crystal ghosts are present in 
all calcified tissues, so that only they 
can be taken into consideration as a 
common calcification factor. They are 
organic molecules which have the same 
morphology as that of the inorganic struc-
tures present in the calcified matrix , 
which means that they can be considered as 
templates for those structures. Early 
calcification might be initiated by the 
binding of calcium and phosphate ions to 
the unmasked reactive groups of the 
crystal ghosts which are probably con -
tained not only in the matrix, but also in 
the "h oles " of the collagen fibrils and in 
matrix vesicles. The available data 
suggest that crystal ghosts share many of 
the properties of " crystal bound 
proteins" . The involvement of a lkalin e 
phosphatase in their composition may 
account for their calcium- and phosphate -
binding activity. 
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Collagen fibrils, Matrix vesicles, Crystal 
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Introduction 
The calcification of biological 
matrices is induced and regulated by 
systemic and lo cal factors. Of the latter, 
the structure , composition and cellular 
activity of the calcifiable matrix all 
play a leading role in the local deposi-
tion of calcium ions. The chemical compo-
sition and structura l organization of 
matrices , and the types of cells they 
contain, vary between different tissues, 
so it might be supposed that each calci-
fiable matrix has its own calcification 
mechanism; but if analysis of this 
mechanism is strictly limited to its 
earliest phase and to the small areas 
where it is initially localized , it may 
reasonably be supposed that the basic 
processes and structures which induce and 
regulate calcium salt deposition are the 
same in all calcifiable matrices. To 
verify this hypothesis, an analysis should 
be performed on all the data available on 
the morphology and biochemistry of all 
calcified tissues . A survey of this type 
would inevitably be extremely complex. The 
scope of this paper has therefore been 
confined to the principal findings ob -
tained by morphological investigations of 
the calcifiable mammalian tissues . When 
this procedure is adopted, it becomes 
apparent that the structures that are most 
probably involved in the earliest phase of 
the calcification process are collagen 
fibrils , matrix vesicles and crystal 
ghosts (Bonucci, 1984 a, 1985); proteogly -
cans , which are certainly invo l ved in the 
process, seem to have an inhibitory role 
(De Bernard et al ., 1977) and have not 
been considered in this review. 
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Background 
For many years now, collag e n f i b r ils 
have been considered the structu r e s wh ich 
induce and regulate the cal c i f i c a t i on 
process in bone (Glimcher, 1976) . This 
concept emerged chiefly from t h e f ind ing 
that collagen fibrils are t he main 
constituents of the bone matrix, and f r om 
the ultrastructural evidence th a t i n the 
ear ly stages of the calcificati on proc e s s 
of compact, osteonic bone, or whe n i t is 
incompletely calcified, there i s a c lose 
relationship between collagen fibri ls and 
the inorganic substance, which a ppe a r s as 
electron - dense bands superimpos e d on the 
40 nm bands of the collagen pe r i odic 
pattern (Fig. 1) or, more ex a c t l y , on 
their hole regions . Later, as th e c a lc ifi-
cation process moves towards c omp l e tion, 
this close relationship is obscured by the 
development of needle - and fil a men t -like 
structures (crystallites), whose amount is 
roughly proportional to the de g r e e o f 
calcification (Ascenzi et al., 1965 ). 
On the basis of these and other 
observations it has been sugge s t e d that 
the calcificatio n of the bone ma t r i x and 
other biological matrices i s du e to a 
process of heterogeneous nucle a t i on wh ich 
occurs within the holes of the c o l l ag en 
fibrils , so accounting for the c l o se rela-
tionship between the mineral sub s t an ce a nd 
the periodic banding of t h e fibril s 
(Glimcher, 1959, 1976; Glimcher a nd Kra ne, 
1968). On this theory, the cal c ifi ca t i on 
process occurs in delimited s pa ce s ( t he 
fibril holes) where regularly lo c at e d, 
reactive chemical groups ap p ear t o be 
responsible for the initial formati on of 
inorganic nuclei which later gro w to f o r m 
the elongated crystallites typic a lly fo und 
in bone matrix . 
This theory is very satisfactory so 
far as compact lamellar bone is c oncern e d, 
but less so for other types of bone. The 
close relationship between th e minera l 
substance and the periodic banding of 
collagen is, in fact, only clearly re c o-
gnizable in compact bone; it be c omes less 
and less evident as the compactness o f the 
collagen fibrils falls (in woven bone, for 
instance), and it is totally absent when 
the interfibrillary ground substance 
becomes prevalent over the colla gen 
fibrils and when these are thin and 
loosely arranged (as in medullary bone of 
birds, for instance; Bonucci and Gherar d i, 
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1975 ) . Moreover, it is never recognizable 
in epiphyseal cartilage, where the colla -
gen fibrils are thin and very loosely 
arranged. In these cases , the inorganic 
substance is arranged in needle- and 










These crystallites , although 
in some cases according to the 
the collagen fibrils, are not 
to them and lie in the interfi-
ground substance (Fig. 2). The 
extrafibrillar localization of these crys -
tallites is confirmed by the fact that in 
s ome cases they surround cross-sectioned 
uncalcified collagen fibrils, appearing as 
s mall rings encircling an empty space 
( Bonucci , 19 84 a; Olson and Watabe, 1980; 
Schonborner et al., 1979) . 
These results show that, besides an 
intrafibrillar calcification which is 
p revalent in bone with the most compact 
collagen matrix, an extrafibrillar deposi-
tion of inorganic substance occurs to 
varying degrees in several types of bone 
with less aggregated matrix and represents 
the only way calcification can take place 
in tissues with a loose collagen texture 
s uc h as medullary bone and epiphyseal 
c artilage. Thus the calcification process 
does not always occur within the holes of 
t he collagen fibrils : if all calcified 
matrices are considered, it is more fre-
que ntly found to be related to compo-
nent(s) of the interfibrillar ground sub-
s tance. 
This finding conflicts with 
Glimcher ' s theory, according to which 
c rystallites should derive from early 
inorganic nuclei formed in the holes and 
then grow between the collagen molecu le s 
inside the fibrils. This , however, should 
increase collagen solubility by inter-
rupting intermolecular cross - links, 
whereas solubility decreases during ca lci-
fication (Bonucci , 1971, 1984 a). To over-
come this objection, Glimche r (1976) has 
suggested that crystallites grow not only 
withi n the holes, but also within "pores" 
present between collagen molecules; these 
pores , however, seem to be too thin to 
contai n crystallites 2-4 nm thick without 
disrupting and destroying the inner order 
of fibrils. It is possible that the min -
eral substance contained within the holes 
of the fibrils remains in an "amorphous", 
finely granular condition (Bonucci, 1984 
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Fig. 1 - Incompletely calcified bone 
matrix: note that the mineral substance 
forms electron-dense bands which reinforce 
the collagen periodic banding . Unstained. 
a) and does not grow into crystals which 
would inevitably disrupt the molecular 
organization of the fibrils . The crystal-
lites seem to be formed and to grow only 
in the extrafibrillary space. 
Without going any further into this 
problem , the available results show that 
calcification can occur outside the 
collagen fibrils, especially in tissues 
with a loose collagen textu re. Conse-
quently, the presence of the collagen 
fibrils in the matrix is not a necessary 
requisite for its calcification. These 
conclusions are in agreement with the 
observation that calcification can occur 
in matrices which do not normally contain 
collagen fibrils (enamel, for instance) 
and even in pathological bone matrix 
abnormally synthesized without collagen 
fibrils (as in fibrogenesis imperfecta 
ossium; Bonucci , 1984 a). It is evident 
that collagen fibrils as such cannot con-
stitute a calcification factor common to 
all calcified tissues; if such a factor 
exists, it must be found in some specific 
substance(s) present both in the holes of 
the collagen fibrils and in the interfi -
brillary ground substance. 
Morphological investigations 
The search for one or more such s ub-
stances was carried out by electron micro -
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Fig. 2 - Detail of calcification front: 
calcification nodul es and uncalcified 
collagen fibrils are visible. Unstained. 
scopy and conventional and ultrastructural 
histochemistry of calcifying cartilage 
(Bonucci, 1967 , 1969, 197 0 , 1971, 1978, 
1981), different types of bone (Bianco et 
al. , 1985; Bonucci, 1971; Bonucci and 
Gherardi , 1975: Bonucci and Silvestrini, 
1984) , developing enamel (Bonucci , 1984 a; 
Hayashi et al., 1986) , and pathologically 
calcified tissues (Bonucci, 1978), in-
cluding calcified mitochondria (Bonucci et 
al ., 1973) . These investigations led to 
the discovery of matrix vesicles and crys-
tal ghosts. 
Matrix vesicles 
The term matrix vesicle refers to 
roundish bodies (Fig . 3) , between 25 to 
200 nm in diameter , consisting of homo-
geneous and amorphous, PAS-positive and 
osmiophilic matrix surrounded by a mem-
brane (Anderson , 19 67 , 19 69 ; Bonucci, 
1967 , 1970). They are particularly fre-
quent in the longitudinal septa of the 
epiphyseal cartilage, where they are 
mainly localized around the chondrocytes . 
They have no di r ect connection with the 
cells, though, as shown by serial sections 
(Bonucci, 1970, 1978) and by the fact that 
they can be isolated from other matrix 
components by differential centrifugation 
(Ali et al. , 1971) . Histochemical and 
biochemical investigations have shown that 
they contain glycoproteins and lipids , are 
surrounded by acid proteoglycans (Bonucci, 
1970) and that - most important of all 
Bonucci E. 
they have a strong alkaline phosphatase 
activity (Ali et al., 1970, 1971; Fortuna 
et al., 1978; Kahn et al., 1978 ; Matsuzawa 
and Anderson, 1971; Meikle , 1976 ; V~~n~nen 
and Korhonen , 1980). 
The matrix vesicles are of cellular 
origin , as shown by the membrane around 
them . In epiphyseal cartilage they are 
formed by the fragmentation of cell pro -
cesses, detachment of the swol l en tip of 
cell processes , and fragmentation of whole 
chondrocytes (Bonucci, 1970 , 1984 b). 
Their origin in bone is less certain and a 
process of exocytosis is possible (Bonucci 
and Silvestrini, 1984). 
The main reason why matrix vesicles 
are of interest is the fact that they 
represent the locus of initial calcifica-
tion . Electron microscopy, especially when 
carried out on serial sections (Bonucci 
and Dearden, 1976) , clearly shows that in 
epiphyseal cartilage the earliest aggre-
gates of crystallites are formed within 
matrix vesicles and on their r~ernbran, ~ 
(Fig. 3). As calcification proceeds, these 
aggregates grow in size until the whole 
vesicle is calcified and then spread from 
the vesicle into the surrounding matrix, 
forming a calcification nodule. These 
observations , which have also been re -
ported for calcifying cartilage prepared 
by ultracryomicrotomy and other nonaqueou s 
techniques ( Gay, 19 77; Gay et al., 1978 ; 
Hunziker et al., 1981; Schraer and Gay, 
1977) , show that matrix vesicles have the 
property of initiating the calcification 
process - a conclusion confirmed by the 
observation that they concentrate calcium 
ions in vitro (Ali and Evans, 1973) - and 
that in vivo this concentration rises in ---
moving from the hypertrophic to the cal-
cifying zone of the epiphyseal cartilage 
(Brighton and Hunt, 1978). 
Matrix vesicles can be found in bone 
(Bonucci , 1971), especially in the embry-
onic, trabecular, and medullary bone; 
however, very few or none of them are 
present in compact, osteonic bone. They 
are also present in so-called "mantle " 
dentin, but not in the " circumpulpal " 




Moreover , they have been described in 
types of pathologically calcifying 
tissues (Anderson, 1976) . 
Matrix vesicles might be considered 
good candidates for the role of a calcifi-
cation factor common to all calcifying 
matrices 
of them. 
because they are present in most 
However, their frequency changes 
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in different types of bone and, above all, 
they are not present in enamel. Conse -
quently, what has been previously said 
about collagen fibrils can be repeated 
now: matrix vesicles are not present in 
all calcifying matrices , and cannot be 
considered a calcification factor commo n 
to those matrices. If there is such a 
factor, it could not consist of matrix 
vesicles themselves, but of one or more 
substances present in their matrix. 
The spread of the calcification pro-
cess from matrix vesicles into the sur-
rounding matrix , which probably involves 
the dissolution of the vesicles and their 
membrane (Bonucci, 1981) , gives rise to 
the formation of calcification nodules, 
i.e ., roundish aggregates of crystallites 
(F i gs. 2 , 3) . As calcification progresses, 
the nodules grow through the addition of 
new crystallites and eventually coalesce , 
so masking the whole matrix. At this 
stage , an electron microscope study of the 
calcified organic matrix is practically 
impossible, because the inorganic sub-
stance completely masks the organic compo -
nents. On the other hand , the unmasking of 
these components by conventional decalci-
fication induces several artifacts, mainly 
due to extraction of many organic sub-
stances. These artifacts can be avoided by 
using the special method of decalcifica-
t ion called post - embedding decalcification 
and staining (PEDS; Bonucci, 1967, 1969, 
1984 a; Bonucci and Reurink , 1978), which 
consists in deca l cifying the specimens 
after embedding them in an epoxy resin. 
Crystal ghosts 
The PEDS method shows that in all 
calcified matrices the removal of the 
inorganic substance makes it possible to 
stain organic, needle- and filament-like 
structures (Fig. 4) which, because they 
have the same morphology as untreated 
crystallites , have been called crystal 
ghosts (Bonucci, 1967 , 1969, 1971 , 1975). 
Crystal ghosts, or structu res re-
sembling them, have ·been found in all the 
calcified mat rice s that have been decalci-
fied and stai ned using the PEDS method. 
They have been described in cartilage 
(Appleton, 1971; Bonucci, 1967, 1969, 
1971; Smith, 1970), bone (Bonucci, 1971; 
De Berna rd et al., 1980), enamel (Bai and 
Warshawsky , 1985; Bishop and Warshawsky , 
1982; Bonucci, 1984 a; Frank, 1973; 
Hayashi et al., 1986; Nanci et al., 1983; 
R~nnholm, 1962; Smales, 1975), peritubular 
dentine (Goldberg et al., 1978), apical 
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Fig. 3 - A: Uncalcified matrix vesicles 
(arrows) and calcification nodules prob -
ably corresponding to calcified matrix 
vesicles. Uranyl acetate and lead citrate. 
B: Detail of two matrix vesicles, one of 
which is completely calcified . Unstained. 
cementum (Hayashi, 1985), and extraskel -
etal calcified tissues (Bonucci et al., 
1973; Davis et al., 1981). 
Crystal ghosts are most easily recog -
nizable in areas of early calcification 
(small calcification nodules) and at the 
borders of calcified areas. They are di-
gested by papain (Bonucci, 1969) and react 
with chromium sulphate (Appleton, 1971), 
phosphotungstic acid (Bonucci, 1969), and 
bismuth nitrate (Smith , 1970). Moreover, 
the areas which contain crystal ghosts can 
be histochemically stained with Alcian 
blue at pH 1.8 and with Sudan black B 
according to Irving (Bonucci et al . , 
1978). Moreover, these areas contain 
acidic proteoglycans, as is shown by the 
presence of sulfate groups (Davis et al., 
1982; Groot, 1982). 
All these results show that the 
crystal ghosts are composite organic 
structures which contain vie - glycol and 
acidic groups and probably have a lipidic 
component. Because they exactly reproduce 
the morphology and arrangement of un-
treated crystallites, it could be hypothe -
sized that they act as templates for 
crystal formation. The recent observation 
that in developing enamel the crysta ls 
develop in conti nui ty with crystal-like 
fibrillar components of the stippled ma-
terial , so that these latter seemed to be 
transformed into the former (Sakakura , 
7093 
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Fig. 4 - Aggregates of crystal ghosts 
corresponding to two decalcified and 
stained calcification nodules. PEDS (uranyl 
acetate and lead citrate after formic 
acid decalcification) . 
1986), is in agreement with this hypoth-
esis. Because crystal ghosts are observed 
in all calcifying matrices, they might 
represent the calcification factor common 
to all calcifying tissues discussed in 
this paper. This , however, does not mean 
that they always have the same chemical 
composition; it cannot he excluded , in 
fact, that collagen fibrils , interfibril-
lar matrix , and matrix vesicles contain 
chemically different crystal ghosts having 
common Ca-binding groups which, after all, 
would represent the actual common calcifi -
cation factor. 
It is interesting to note that the 
morphologically demonstrable crystal 
ghosts share many features with the 
"crystal bound proteins" which have been 
isolated by using biochemical methods in 
bone and enamel. In particular, this is 
true of osteocalcin (Hauschka et al., 
1975) and osteonectin (Termine et al., 
1981) from bone, amelogenins and enamelins 
from enamel (Termine et al ., 1980; Lyaruu 
et al., 1982), phosphoprotein from dentin 
(Zanetti et al. , 1981), and chondrocalcin 
from cartilage (Poole et al., 1984) . Just 
as crystal ghosts are linked to crystal -
lites , all these proteins are close ly 
linked to the inorganic substance . It may 
be speculated that they are components of 
the crystal ghosts, a hypothesis supported 
by recent immunohistochemical investiga-
tio ns on osteonectin and enamelin distri -
bution in bone and enamel (Bianco et al. , 
1985; Hayashi et al ., 1986). 
Of these calcium - binding proteins, 
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one is of particular interest - a glyco-
protein recently isolated from matrix 
vesicles (De Bernard et al., 198 5) which 
displays alkaline phosphatase activity and 
calcium binding properties . In fact, 
because it can hydrolyze phosphate esters 
and simultaneously link calcium ions, 
there are good grounds for considering it 
responsible for the induction of the 
earliest phase of the calcification pro-
cess. Moreover, considering that it in-
teracts in vitro with proteoglycan 
subunits and type II collagen in epiphy-
seal cartilage (Vi ttur et al., 1984), it 
might also orient the deposition of 
calcium phosphate in conformity with the 
structures of the matrix. Immunohisto-
chemical studies on the locali zation of 
this phosphatase in the growth zones of 
the epiphyseal cartilage show that it is 
present in the membrane of the maturing 
and hypertrophic chondrocytes, in the 
matrix vesicles, in the uncalcified matrix 
of the intercellular longitudinal columns , 




strong enzymatic activity in all 
sites except the calcified matrix, 
it seems to be buried in the inor-
ganic substance and inactivated (De 
Bernard et al . , 1986) . On the basis of 
these observations it could be speculated 
that this protein induces calcium phos-
phate precipitation because of its enzy-
matic activity and calcium-binding prop-
erties , which account for its incorpor -
ation in, and consequent masking by, the 
inorganic substance . This is exactly the 
behaviour one would expect if this alka-
line phosphatase was a component of the 
crystal ghosts . 
Conc lusi ons 
The morphological obser vation s have 
the intrinsic limitation of being static , 
so that a kinetic or temporal outline of 
the calcification process based on them is 
necessarily subjective. However, con-
sidering the different results obtained at 
different stages of the process, the fol-
lowing conclusions can be suggested . 
Morphologic investigations have shown 
that three main structures are involved in 
calcification, i.e., collagen fibrils, 
matrix vesicles, and crystal ghosts . Only 
crystal ghosts, however, are present in 
all calcifying matrices . Although the 
presence of a structure does not mean that 
it is involved in calcif icati on, and 
although the crystal ghosts have not been 
isolated chemically so that their 
fying properties have not been 
calci-
tested 
directly, their constant presence in cal-
cification nodules and their direct con -
nection with crystallites cannot be 
casual . In this connection, it cannot be 
disregarded that they share many charac -
teristics of the crystal bound proteins, 
whose calcium-binding properties are in-
dubitable. On the basis of the available 
data it can be suggested that the cryst al 
ghosts are components of the matrix and 
that, before the calcification p rocess 
begins, they are inhibited by some sub -
stance (possibly proteoglycans) whose par -
tial or complete removal unmasks their 
reacting groups, which can bind calciu m 
ions. It follows that ea rly calcification 
should not be considered as a purely 
physical process of precipitation occur-
ring in preformed spaces (holes of colla -
gen fibrils and matrix vesicles), but as 
a chemical process induced and regulated 
by organic molecules (primarily, alkaline 
phosphatase) which a r e co ntained in the 
matrix, in the holes of collagen fi brils 
and in matrix vesicles and which, once 
unmasked and made reactive, acquire 
calcium -b inding properties. In doing so , 
they remain more or less complete ly em-
bedded in the crystallites , whose shape 
repeats that of the template molecule. 
Alt hough this line of reasoning is partly 
spec ulative, it is in accordance both with 
the available morphological findings, and 
with the biochemical observation that not 
only the crysta l bound proteins, but 
lipids also (Odutuga and Prout, 1974; 
Shapiro, 1970 ; Wuthier , 1968) , are so 
closely linked to the inorganic substance 
that they can only be extracted from the 
calcified matrices after decalcification. 
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Discussion with Reviewers 
S . R . Khan : Please define crystal ghosts 
fo r me. How a r e they formed? Where do they 
come from? Would crystal ghosts of one 
system diffe r from crystal ghosts of the 
othe r systems? 
Au thor : Crystal 
o r ga ni c (pro b a bly 
ghosts can be defined as 
glyco -li po - proteic) mo-
lecules whose chemical groups, once un-
masked and made reactive, link calcium 
and/or phosphate ions thus functioni n g as 
templates of crystal - like, organic -in or -
ganic structures which repeat their shape. 
Proba bl y , they are components of the cal -
cifying matrix , as shown by the e x peri -
ments of Smith (1970) with bismuth 
nitrate , and are made reactive by removal 
of inhibitor(s). It is not known where 
they come from; however, acid p r oteog ly-
cans seem to be involved in the format ion 
of crystal ghosts of epiphyseal cartilage , 
as shown not only by the histochemica l 
properties of the ghosts , but also by the 
recent observation (unpublished) that i n 
areas of early calcification part of the 
crystal ghosts are connected with , and 
p rotrude from the dense granules which , 
under the electron microscope , represent 
the acid proteoglycans of the cartilage 
matrix. In enamel , they might be compo -
nents of the so - called stippled materia l 
as suggested by the observation of 
Sakakura (1986) in that the enamel crys -
tals develop in continuity with fibrillar 
components of the stippled material so 
that the latter seem to be transformed 
into the former. This seems to show that 
the crystal ghosts of one system differ 
from those of other calcifying systems . 
A . S. Posner: 
factor in all 
possible for 
Why must there be a common 
calcifying systems? Isn ' t it 
different factors to be 
active in enamel and bone, for example? 
Author : This question concerns the phil -
osophy of the present investigation . Ob-
viously, it is possible that different 
factors are active in different systems . 
However, structures which are components 
of all calcified tissues, as crystal 
ghosts are , are good candidates for having 
the same effect on the calcification pro -
cess of all of them . It must be under -
lined, however, that the term crystal 
ghost refers to morphologically identi -
fiable structures which may not necessar-
ily have an identical chemical composition 
in different calcifying tissues . 
R . L . Hackett: If the crystal ghosts are a 
unifying factor, they should also be 
present in other min e r alizing systems such 
as calcium car b onate in mari ne anima ls or 
calcium oxalate in human kidney sto nes. 
Pl ease comment. 
Author· It is pro b ably hazardous to com -
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pare the calcification process of verte-
brates with that of invertebrates or 
pathologically formed stones. However, it 
is interesting that intracrystalline or-
gan ic material grossly comparable to crys-
tal ghosts, but not necessarily similar 
from a chemical point of view, has been 
found both in invertebrate skeletons (see 
The Mechanisms of Mineralization in the 
Invertebrates and Plants, N. Watabe , K.M. 
Wilbur (eds). Univ. S. Carolina Press, 
Columbia 1976) and in oxalate stones (Khan 
S.R., Hackett R . L . (1985) Developmental 
morphology of calcium oxalate foreign body 
stones in rats. Calcif. Tiss. Int. 37: 
165 - 173) . 
E.P. Katz: I am not aware of any findings 
demonstrating that crystal ghosts are 
preformed. How can one distinguish this 
case from ghosts postformed on preexisting 
crystals? 
H.C. Anderson: How can you be certain that 
" ghosts" are not formed by adherence of 
organic material to pre-formed apatite 
crystals without the ghost material 
serving as the initial template or insti-
gator of crystal formation? Has it ever 
been shown that the local deposition of 
crystal ghosts precedes the appearance of 
superimposed material (as has been shown 
in the case of matrix vesicles)? 
S . Y. Ali: Is it not far more likely that 
some of the proteins and organic compounds 
that bind to the fine crystallites are 
therefore a morphological consequence of 
calcification rather than an initiating 
calcification factor? 
A.S . Posner:Isn 't itpossible that the crys-
tal ghost is deposited after crystal de-
position and growth? 
S.R. Khan: Since crystal ghosts have so 
far been identified in calcified matrices 
only, it is possible that crystal ghosts 
represent organic substances present in 
the matrix that adsorbed on the crystal 
surface and thus crystal ghosts may be a 
result rather than a cause of crystal 
initiation. This would explain their shape 
conforming to the shape of the crystals 
and the presence of a range of organic 
molecules from lipids to various types of 
"crystal bound proteins". 
Author: These questions are similar and 
can be answered together. They concern two 
principal problems: 1) are the crystal 
ghosts preformed in the matrix; 2) if they 
are not preformed, might they be formed by 
adherence of organic material to preex-
isting crystallites either as a natural 
phenomenon occurring during the calcifica -
tion process or as an adsorption artifact 
due to fixation, dehydration and/or em-
bedding? 
As far as the first problem is con-
cerned, it must be remembered that the 
crystal ghosts of cartilage, bone and 
enamel appear as filaments only because, 
once calcified, they become rigid struc-
tures which can resist the distorting 
action of fixation, dehydration and em-
bedding. In fact, electron microscopy of 
specimens decalcified before embedding 
shows that only a rather amorphous organic 
material is present in place of the decal-
cified calcification nodules. Conse-
quently, in case the crystal ghosts were 
present before calcification, they could 
be greatly modified by fixation, dehy-
dration and embedding and could be hardly 
recognizable. Such a type of distortion 
occurs in proteoglycan molecules which, 
under the electron microscope, appear as 
BiN03 stained " dots " although their actual 
shape is that of ramified filaments (see 
Smith , 1970) . 
As far as the second problem is con -
cerned, that is, that the crystal ghosts 
might be formed by adherence of organic 
material to preexisting crystallites, it 
must be considered that if the adherence 
phenomenon is due to the presence of 
hydroxyapatite, it should occur soon after 
the earliest mineral agg regates are 
formed. This might have two opposite 
effects: either it might inhibit any 
further crystal growth by completely sur-
rounding and coating the growing crystal 
surfaces, a possibility which is excluded 
by the fact that the crystallites have a 
length of some ten run; or it might be a 
step of an active process in which the 
adherence of Ca-binding proteins to the 
earliest mineral aggregates induces further 
Ca -accretion to them and favours crystal 
growth. Further investigation is needed to 
ascertain if this possibility can really 
occur . 
The other possibility (that adherence 
of proteins to preformed crystallites 
occurs by an adsorption artifact during 
specimen preparation) is improbable 
because fixation and dehydration denature 
the organic molecules and denaturation 
eliminates protein adsorption on hydroxy -
apatite crystals. Moreover , it must be 
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stressed that the crystal ghosts are not 
removed by fix in g solutions containing 
1 . 2M phosphate buffer, which completely 
desorb organic material from hydroxy-
apatite . Finally , it should be considered 
that, on ce decalcification had removed the 
crystal li tes , their coat of adsorbed or -
ganic material, if present , would appear 
as hollow cylinders , tubules , or paired 
profiles when sectio n ed according to their 
long axis, and as rings when sectioned 
transversally (as it happens for mature 
enamel crystallites), whereas the crystal 
ghosts always have a full structure and at 
high enlargement show a solid helical 
confo r mation of the kind to be expected of 
protein molecules . 
A.S . Posner: The author says that the 
crystal ghosts are the size and shape of 
mature crysta l s and are involved in the 
deposition of the crystals. How does this 
view fit in with the observation that 
early crys t als are smaller in size than 
more mature crystals? 
Author: Actually, crystal ghosts are the 
size and shape of immature crystals, that 
is, crystals at the beginning of their 
formation . This is chiefly true for imma -
ture enamel, whose crystal ghosts have the 
same filamentous or ribbon - like shape as 
that of the early crystallites . The mor-
phological evidence of crystal ghosts 
decreases as the crystals mature; for 
instance , they are easily recognizable at 
the perip h ery of a calcification nodule, 
but not or seldom in its center . This can 
be due to the fact that during calcifica-
tion they may be progressively obscured or 
lost to view as a consequence of reduction 
of organic material, or they may be cross-
linked , with consequent reduction of 
chemical groups responsive to the stains 
employed in elect ron microscopy. 
S . Y. Ali: Your concept implies that matrix 
vesicles are not a universal calcifying 
factor only because they are not found in 
enamel, but do you beli eve that enamel is a 
specialised tissue unlike the mesenchymal 
tissues that you have listed? If the cells 
in enamel are different and the matrix 
protein (keratin) is different will not 
the mechanism of calcif icati on be 
diffe rent ? 
H. C . Anderso n: Matrix vesicles have been 
isolated and shown capable of initiating 
calcification with alacrity. The fact that 
matrix vesicles are not seen in densely 
mineralized bone is hardly surprising 
inasmuch as they tend to be disrupted and 
destroyed in the early stages of calcifi -
cation . Furthermore, matrix vesicle action 
need not be invoked to explain enamel 
mineralization , 
mineralization 
because vesicle - activated 
of the pre-dentin precedes 
mineral - deposition in enamel and is con -
tiguous with the enamel so that mineral 
proliferation could be propagated from 
dentin to enamel without requiring re-
initiation by matrix vesicles . 
Author: Enamel is certainly different from 
cartilage and bone. It is considered he r e 
chiefly because the aim of this paper 
to look for a factor common to all 




disregarded . On the other hand, the pres -
ence of filament - and ribbon-like crystal 
ghosts during the early phase of enamel 
formation clearly shows that under this 
particular point of view it is similar to 
other calcifying t i ssues . I know that it 
has been suggested (but not proved) that 
enamel mineralization might be activated 
by the already calcified dentin, so that 
matrix vesicles might not be necessary for 
enamel calcification. However, the state-
ment that matrix vesicles cannot be a 
common calcificatio~ factor is supported 
by the observation that calcification of 
compact osteonic bone also occurs without 
the intervention of matrix vesicles which 
are lacking in this kind of tissue. This 
lack of vesicles can hardly be explained 
by their rapid destruction and disappear -
ance during calcification , because many of 
them are present in other types of bone 
(embryonal bone, for instance) which cal-
cify more rapidly than osteonic bone. 
S.Y . Ali: Woul d it not be true to say that 
because you are applying the same decalci -
fication technique (post - embedding deca l-
cification and staining) to all the calci -
fied tissues, that you have mentioned, 
that the common factor is the artefact of 
PEDS technique rather than a universa l 
calcification factor? 
Author: The PEDS technique is very simple 
and is carried out when the tissue, being 
embedded in an epoxy resin, is rigid and 
cannot be distorted. I recall that crystal 
ghosts , or intracrystallite organic struc -
tures similar to them , have been found by 
Smales (1975) in enamel crystallites using 
a different decalcification technique and 
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this would seem to l e n d credence to this 
technique and provide additional evidence 
that these structu r es are not artifacts . 
S . Y. Ali: I suspect that the PEDS tech -
nique with formic acid does not decalcify 
the nodules completely and therefore you 
are restaining the same outlines when you 
introduce uranyl acetate and lead citrate . 
Have you any evidence to indicate that the 
section is completely decalcified? Have 
you done electron probe analysis of the 
decalcified sections? 
Author: It is well known that ultrathin 
sections are decalcified even if left 
f l oating on distil l ed water for a few 
minutes (Boothroyd B. (1964) The problem 
of demineralization in thin sections of 
fully calcified bone. J.Cell Biol. 20 , 
165-173) . Sections floated on formic acid 
or EDTA are fully decalcified, as shown by 
the von Kossa method under the optical 
microscope and, under the electron micro -
scope, by the complete disappearance of 
the crystallites in decalcified-unstained 
sections (with reappraisal of crystal 
ghosts in decalcified-stained sections) 
and by the change to an amorphous pattern 
in electron diffraction . Electron probe 
analysis of the decalcified sections has 
not been done. 
H.C . Anderson: Has it ever been shown that 
the substituents of crystal ghosts do have 
biological activity which can promote 
mineralization , or regulate mineralization 
in any way? 
Author: No , it has not , because the con -
stituents of the crystal ghosts are not 
exactly known. 




Can it be shown in a 
that Ca-binding alkaline 
a substituent of the 
Author: In collobaration with De Bernard 
and his group (De Bernard et al., 1986) it 
has been show n by ultrastructural immuno -
h is t oc h emis t ry that an ti - alkaline phospha -
tase anti b odies r e a ct wit h ca l cificatio n 
nodu l es . Further persona l investigat i ons 
(unpublished) have shown that the same 
reaction occurs wi th the organic mate r ia l 
unmasked by decalcification in the ca l ci -
fication nodules . Unfortunately , the 
method used for alkaline phosphatase dem -
onstration does not allow satisfactory 
demonstration of c r ysta l ghosts . 
~ Ali: I accept that the alkaline phos -
phatase and the lipid are matrix vesic l e 
derived and therefo r e t h ey would be p r e -
sent in the core of the calcificatio n 
nodu l e (crysta l ghosts) . We have occa -
sionally observed matrix vesicles in the 
centre of a calcification nodule when it 
is partly decalcified in hot uranyl ace -
tate and when the plane of the section 
goes through the central core of the cal -
cifying nodule . Have you seen matrix ves -
icles in such ce n trally traversed calci -
fying nodules (crystal ghosts)? 
Author: Roundish a r eas of electron density 
are sometimes present in the central pa r t 
of the aggregates of crystal ghosts; they 
might be remnants of disrupted matrix 
vesicles . Membranes , or fragments of mem-
branes, have never been found. 
S.Y . Ali: Do you appreciate that by saying 
that the crystal ghosts may be composed of 
" acidic glyco-lipo-proteic components" 
that you have covered most of the major 
organic molecules in biochemistry apart 
from nucleic acids? How can we use the 
scientific method to disprove the exist -
ence of a chemical complex with such a 
wide ranging composition? 
Author: If I knew the answers, probably 
most of the problems about crystal ghosts 
would have been solved already . I can only 
say that the experimental evidence shows 
that the crystal ghosts can be digested by 
papain , as proteins can , react histochemi -
cally with acidic phosphotungstic acid 
(PTA) , as glycoproteins do, and with 
cations, as acid proteoglycans do, and are 
contained in areas which are positive with 
Irving's method for masked lipids . 
S.R. Khan: You have not discussed the role 
of calcium-phospholipid - phosphate com-
plexes and proteolipids. Could crystal 
ghosts be the morp hological equivalent of 
these biochemical entities? 
Author: The possibil i ty that phosp h olipi d s 
can form complexes with calcium and phos -
phate ions an d i ni tiate the calcificatio n 
process is in line with the observation 
that lipids are closely bound to the inor -
ganj_c substance, and that crystal ghosts 
are present in areas which can be 
with Irving ' s method for masked 
However, it wil l not be possible 
vide an answer to your question 
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by biochemi cal methods . 
S.R . Khan: Would crystal ghosts also be 
involved in pathological calcification? 
Author: The answer is yes if the concept 
of crystal ghost is extended to include 
every substance which has ca l cium binding 
properties and can work as crystal tem -
plate. For instance, the intramitochon-
drial c l usters of mineral substance found 
in mitochondria of hepatocytes of rats 
intoxicated with carbon tetrachloride are 
intimately linked to an organic substratum 
whose morphological and histochemical 
properties are similar to those of the 
crystal ghosts of cartilage, bone and 
enamel . 
H.C. Ande r son : Are there any calcification 
diseases in which deficient , superfluous 
or abnormal ghost material was shown to b e 
associated with abnormal or defective 
mineralization? Such an " experiment of 
n ature " might help to su bstanti ate a role 
for crystal ghosts in mineralization . 
Author: No, to my knowledge, there are no 
such diseases. However , I would liKe to 
recall again the interesting paper of 
Sakakura (1986) because it provides perti -
nent information on this question. 
Sakakura has found that a great quantity 
of stippled material accumulates between 
the enamel and ameloblasts in in vitro 
culture of mouse embryo molars . Although 
it cannot be stated that this material is 
equivalent to crystal ghosts, it does 
contain an accumulation of filaments 
" similar to enamel crystals ", and 
quently similar in appearance to 
ghosts. 
conse -
crystal 
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